A growing body of evidence suggests that dyslexia is a neurological disorder. A genetic basis for dyslexia has also been suggested (e.g., Pennington et al., 1991 Each of these findings is consistent with a neural basis predominantly anterior-posterior in direction. No differfor dyslexia, but the underlying cause of these differences in T1-weighted MRI signal were found between ences in neural processing is not currently known. poor readers and control subjects, demonstrating specTwo studies have suggested that developmental dysificity of the group difference to the microstructural lexia may represent a disconnection syndrome in which characteristics measured by diffusion tensor imaging communication is impaired between cortical areas in-(DTI). White matter diffusion anisotropy in the tem- subjects have focused on gray matter abnormalities and
, 1999). aging technique called diffusion tensor imaging (DTI) that provides information about white matter micro-
If the reading deficit in dyslexia is related to a structural disturbance of the white matter tracts connecting structure in vivo. Unlike standard structural MR imaging techniques, DTI allows measurement of the microstrucanterior and posterior cortical regions, this disturbance may be reflected in lower anisotropy values. To test this tural features of white matter. The DTI technique is based on sensitizing the MR signal to the movement of hypothesis, six adults with poor reading skills and a history of developmental reading disorders and eleven water on the order of micrometers and determining the magnitude and direction of the water diffusion in three control adults with no history of reading problems were studied with DTI. The inclusion criteria for the subjects dimensions (Basser et al., 1994). In white matter of the brain, diffusion of water perpendicular to the direction in the poor reading group were a previous diagnosis of developmental dyslexia and a current complaint about of the axons is restricted by the myelin sheath and cell membrane such that diffusion will be greater along the reading ability. All subjects in this group scored below the population mean on a standard test of reading ability length of the axon than perpendicular to the axon (Moseley Anisotropy in myelinated white matter is likely to be reading problems. This group, therefore is described as one composed of "poor readers," because it is unclear determined by a number of microstructural features: the integrity of axonal cell membranes, the amount and how to relate their current reading impairment to formal definitions of developmental dyslexia created primarily integrity of myelin around the axons, the coherence of axonal orientation, and the number and size of axons.
to classify children. Anisotropy of diffusion was measured in the entire In particular, anisotropy has been noted to vary directly brain of each individual, the images were normalized to a standard anatomical space, and the anisotropy of the group of poor readers was compared to that of the control group. We also collected high-resolution T1-weighted anatomical images, which reveal anatomical structure but are not sensitive to diffusion anisotropy. With these measures, both the location and the nature of any white matter disturbance associated with poor reading ability could be evaluated for the first time.
Results

Between-Group Comparison
The poor readers showed significantly lower anisotropy in only two regions of the brain, located bilaterally in the white matter of the temporo-parietal region (p Ͻ 0.05, one-tailed, corrected for multiple comparisons) ( Figure  1 ). This statistical difference was not, however, apparent ferences between the groups (p Ͼ 0.98, one-tailed, corrected). Autocorrelation (smoothness) between voxels within images was slightly lower in the T1-weighted imoverlap was found with the right temporo-parietal reages than in the anisotropy images, which could possigion, and the rest of the analysis was therefore restricted bly have affected the outcome of the statistical analyto the left VOI. The maximum correlation in the left temsis. A second analysis was therefore performed after poro-parietal region was r ϭ 0.84, for the entire group smoothing T1-weighted images with a Gaussian kernel (Figure 2 ). An additional analysis was performed in which in three dimensions to an autocorrelation that matched effects of age and gender were removed as confounds the anisotropy images. This reanalysis also failed to prior to correlation between anisotropy and the Word show any significant differences in T1 images between ID score. This analysis gave similar results to the first the groups (p Ͼ 0.56, corrected). In addition, T1 signal statistical parametric mapping (SPM) analysis, with differences specifically in the two volumes of interest maximum correlation in the same voxel (x ϭ Ϫ28, y ϭ (VOIs) were measured, but no group differences were Ϫ20, z ϭ 28; p Ͻ 0.05, corrected). found (t tests, p Ͼ 0.74 for both VOIs). Thus, the obThe correlation between reading scores and anisotserved group difference was specific to the tissue propropy could result from (1) only the difference between erties measured by diffusion rather than to any gross reading-impaired and control groups or (2) correlations anatomical differences, such as gyral pattern or white between reading scores and anisotropy that occur matter volume. within each group. We therefore examined the correlaThe foregoing analysis was performed on anisotropy tion between reading scores and anisotropy separately values that were normalized by scaling to the global in each group within the VOI determined from the foregoimage mean. Subjects also performed a test of nonverbal intelliwithin-voxel coherence. No significant group difference in between-voxel coherence was observed within the gence and spatial ability, the Matrix Analogies test (MAT) (Naglieri, 1985) . There was a positive correlation beleft hemisphere VOI (p Ͼ 0.97). This suggests that differences in anisotropy between the poor reading and contween MAT scores and anisotropy scores from the maximally significant focus in the correlation analysis (r ϭ trol groups likely reflect differences in white matter microstructure rather than differences in the coherence of 0.42). This correlation was, however, secondary to the correlation between Word ID and MAT scores (r ϭ 0.562, axonal orientation. In addition to providing information about anisotropy, p ϭ 0.02). Discussion histological characteristics could affect the anisotropy, such as differences in the number of axons, the thickUsing diffusion tensor MR imaging, differences in white ness of axons, the amount and integrity of myelin, or matter microstructure between normal readers and indistructural disruptions of the white matter tracts. It is viduals with poor reading ability were found bilaterally in also unknown as to how these white matter differences the temporo-parietal white matter underlying perisylvian relate to potential differences in the soma of the neurons cortical areas. No differences in T1-weighted MR signal whose axons constitute the temporo-parietal white matwere found in these regions, demonstrating that the ter tracts. differences were specific to the microstructural features It is noteworthy that the group differences were bilatmeasured by diffusion anisotropy. Measurement of beeral but that the reading scores correlated only with the tween-voxel coherence demonstrated no difference beleft hemisphere anisotropy. The left hemisphere correlatween groups, suggesting that the group difference in tion likely reflects the critical role of that hemisphere anisotropy primarily reflected differences in white matter in language. The significance of the right hemisphere microstructure. An overlapping region in the left temdifferences, if any, is presently unknown. The bilateral poro-parietal white matter exhibited significant correladifferences, however, possibly suggest a biological etition between white matter microstructure and reading ology that is not related to hemispheric specialization ability across all 17 subjects. This correlation was apparper se. ent both within the poor reading group alone and within the control group alone, demonstrating for the first time a structural neural correlate of reading skill in normal White Matter and Rapid Perceptual Processing readers.
Although developmental dyslexia is defined as a deficit These results indicate that white matter underlying left in reading, there is strong evidence demonstrating imtemporo-parietal cortex plays a critical role in reading pairments of perceptual processing of both verbal and ability. Left temporo-parietal cortex has long been assononverbal stimuli in subjects with poor reading ability, ciated with reading; lesions in this region can result particularly for rapidly changing acoustic stimuli (Farmer in different types of acquired dyslexia (Dejerine, 1891; and Klein, 1995) and moving visual stimuli (Stein and Geschwind, 1965a, 1965b; Marshall and Newcombe, 1966). 
Walsh, 1997). The processing of rapidly changing acousPrevious neuroimaging studies of reading-impaired adults tic information is particularly important for the percephave found abnormally reduced activation in temporotion of phonology, in which differences between phoparietal cortex during reading tasks requiring phonologinemes can be determined by differences in frequency
Structure-Function Relations in Impaired demonstrated that literacy changes the functional anatand Normal Readers
omy of speaking (Castro-Caldas et al., 1998), and it is The poor reading group in this study had significantly plausible that learning to read exerts other powerful worse reading scores than the control group, but readchanges on brain organization as well. These questions ing impairment was relatively mild (about a standard can be most directly addressed by longitudinal studies deviation below the control group). Given their history examining whether white matter structure in preliterate of reading disorders of and current complaints about children predicts reading performance and whether reading difficulties, these findings suggest that the poor white matter exhibits specific changes related to reading readers had compensated somewhat for their childhood acquisition. reading impairment. Prior functional imaging studies that examined language processing in either compenThe Promise of Diffusion Tensor Imaging sated (Paulesu et al., 1996) or more severly impaired Finally, we note that diffusion tensor imaging offers con-(Rumsey et al., 1997) poor adult readers found similar siderable promise for extending the range of neuroimagpatterns of abnormal activation. That similarity suggests ing in cognitive neuroscience. Functional neuroimaging that the pattern of DTI results in the present study may techniques, including fMRI and PET, have proven imporextend to more overtly dyslexic adults. tant for identifying gray matter contributions to cogniThe present findings may thus inform the debate over tion. The present demonstration of a correlation betwo conceptualizations of dyslexia. One conceptualizatween reading skill and white matter structure suggests tion emphasizes the differences between normal and that DTI may provide a complimentary method for imdyslexic readers as a discontinuity between intact and aging white matter contributions to cognition. DTI has impaired reading ability. Prior postmortem and funcbeen used, for example, to demonstrate separable contional neuroimaging studies have focused on these tributions of axonal structure and directional coherence group differences. Another conceptualization emphato brain development and to hemispheric asymmetry sizes continuities across normal and dyslexic readers, (Klingberg et al., 1999) 
and to follow specific white matinterpreting dyslexia as the disadvantageous tail end of ter tracts between brain regions (Conturo et al., 1999). a normal distribution of reading abilities (Shaywitz et al.,
DTI is safe and noninvasive, which makes it suitable for 1992). One interpretation of the present results is that a wide range of subjects, including young children and the microstructure associated with reading disorders patients. represents one end of a continuous distribution. By this Structural imaging techniques such as DTI do not view, reading difficulty becomes apparent when white require any behavior on the part of the subject during matter integrity falls below some threshold. The finding scanning. This contrasts to functional imaging techof a correlation of white matter microstructure and readniques such as fMRI and PET, which measure the gray ing in both poor and normal readers does not exclude matter activation associated with performance of a parthe possibility of a discrete neurological insult affecting ticular task. Differences in functional imaging data bewhite or gray matter in dyslexic subjects. However, the tween normal and impaired subject groups can be diffipresent findings show that it is not necessary to presupcult to interpret because the groups will usually differ pose such an insult in order to explain the deficits in in their level of performance; in this case, one cannot reading. Although discrete pathology in dyslexic subtell whether the differences in imaging relate to the unjects has been reported in the perisylvian cortices (Galaderlying pathology or the differential performance. Beburda et al., 1985; Humphreys et al., 1990), the finding cause DTI does not require behavior, group differences of quantitative differences in thalamic structure between are more easily interpreted in terms of underlying patholdyslexic and normal and impaired readers ( 
